This study develops an automated method capable of detecting notches in isotropic plates. Laser ultrasonic techniques are used to generate and detect Lamb waves in perfect and notched plates. These signals are first transformed into the time-frequency domain using a short time Fourier transform (STFT) and subsequently into the group velocity-frequency domain. Finally, the notch is located with an autocorrelation in the group velocity-frequency domain. A verification of the proposed methodology shows excellent agreement with the actual location of the notch.
Introduction
This research develops an automated methodology using time-frequency representations (TFRs) to locate notches in plates. This technique is based on the feasibility of calculating a group velocity-frequency representation from a TFR, as well as the invariance of the group velocity-frequency spectrum with respect to propagation distance.
Previous researchers have used Lamb waves for material characterization (see Chimenti 1 for details), but a Lamb wave's multi-mode and dispersive nature makes interpretation of time-domain signals difficult. In contrast, TFRs operate on timedomain signals, are capable of resolving a plate's individual modes, and naturally lead to the group velocity-frequency representation. TFRs are well-known in the signal processing community (see Cohen 2 for a review of TFRs). Previous research has shown that TFRs based on the short time Fourier transform (STFT) -spectrogram, reassigned spectrogram 3 -and the (pseudo) Wigner-Ville distribution 4 are particularly well suited for representing Lamb waves. These particular TFRs are effective in this application because of their constant time-frequency resolution over all times and frequencies. 3 Lemistre et al. 5 and Wilcox et al. 6 used the TFRs of Lamb waves for damage detection in composite plates.
The current study considers broadband, laser-generated, and detected Lamb waves in both perfect and notched plates. The notch is located by isolating the contributions of the signal reflected from this discontinuity by performing an autocorrelation of a series of group velocity spectra, each calculated with different, assumed propagation distances. Finally, note that the high-fidelity, broad-bandwidth, and noncontact nature of laser ultrasonics are critical elements for the success of this research. 
Time-frequency representation
The experimental procedure makes resonance-free measurements of Lamb waves over a wide frequency range (200 kHz to 10 MHz). Broadband Lamb waves are generated with a Nd:YAG laser source (see Scruby and Drain 7 for details on laser ultrasonics). Laser detection of these waves is accomplished with a heterodyne interferometric receiver 8 that uses the Doppler shift to measure out-of-plane surface velocity (particle velocity) at a point on the plate's surface. Figure 1 shows the 0.94 mm thick 3003 aluminum plate (203 mm in length and 153 mm in width) used in this study, plus the relative locations of the laser source and receiver. One plate does not contain a notch (perfect plate specimen) whereas the second plate contains a notch in the middle of the plate (at 101. Figure 2 contains an excellent representation of the incident Lamb modes (see [3] for details), but it is difficult to quantitatively identify the individual reflected contributions. One possible technique to identify the reflected modes in Fig. 2 would be to visually compare Fig. 2 with its perfect, infinite plate counterpart. Unfortunately, the Lamb wave's multiple modes plus the finite time-frequency bands present in Fig. 2 (these finite bands are present because of the Heisenberg uncertainty principle 3 ) make it difficult to develop a quantitative, visual comparison. As an alternative to a visual approach, consider a more objective methodology that uses an autocorrelation in the group velocity-frequency domain.
Group velocity-frequency representation and correlation
The TFR in Fig. 2 can be transformed into the group velocity-frequency domain using the relationship c gr = d=t, where c gr is the group velocity, d is the propagation distance, and t is the propagation time (for each frequency). However, this transformation is complicated by any reflected contributions contained in a signal -the modes reflected from a notch or an edge will have different propagation distances, d, than the incident's source-receiver distance, d 0 in Fig. 1 . Fortunately, the incident and reflected contributions all propagate within the same plate, so they should have the same group velocity-frequency spectrum -except for any mode conversion (portions of certain modes might appear or disappear from incidence to reflection). This feature plus the group velocity-frequency representation's invariance to propagation distance are exploited to calculate the unknown notch-receiver distance.
First, determine the group velocity-frequency representation for the incident modes by calculating c gr with the known source-receiver distance; Fig. 3 shows the group velocity of the incident modes obtained by transforming Figure 4 demonstrates that it is extremely difficult to visually identify the reflected modes without the aid of the theoretical spectrum (the calculation of this spectrum is not trivial for more complicated specimen geometries or materials) plus a priori knowledge of the notch's location. An objective, alternative approach (that does not rely on a theoretical spectrum) is to systematically vary the value of d (and the associated propagation dis- modes reflected from the notch overlay the theoretical spectrum in Fig. 4 at d equal to the exact receiver-notch distance. 
Conclusion
This note clearly demonstrates the effectiveness of using an autocorrelation of group velocity-frequency representations to develop an automated methodology to locate notches with Lamb waves. This procedure exploits the invariance of the group velocityfrequency spectrum with respect to propagation distance to quantitatively isolate the modes reflected from a notch. The proposed procedure overcomes difficulties associated with the multi-mode and dispersive nature of Lamb waves, enabling the accurate calculation of propagation distances of reflected modes. Note that this research is restricted to one-dimensional localization of notches in isotropic plates, but it can be extended to more realistic defects (such as cracks), two-dimensional wave propagation in plates, or composite plates.
